XB/U-cadherin is a maternal Xenopus cadherin which mediates interblastomere adhesion in early embryogenesis. In order to explore its role in gastrulation, we expressed a cytoplasmic deletion mutant of XB/U-cadherin (XBAc38) under the control of the CMV promoter in Xenopus embryos. This truncated XB-cadherin fails to form complexes with catenins and does not mediate cell-cell aggregation as shown by transfection of mouse Ltk-cells. Injections of the deletion for XBAJ-cadherin into the dorsal-marginal region of four cell stage embryos resulted in a dominant negative expression of the cadherin mutant after MBT. 'P.vo different phenotypes were observed in a dose dependent manner: high doses (125-250 pg DNA) led to severe distortions of the gastrulation movement. Involution of the mesoderm was impaired, posterior mesoderm migrated laterally around the blastopore and formed two bands of axial tissue. Low doses (up to 50 pg DNA) resulted in embryos of a posteriorized phenotype with disorganized neural structures. Both phenotypes could be rescued by coinjection of cDNA constructs containing wild-type XB/lJ-cadherin. Injections of constructs encoding a XB/U-cadherln protein truncated both in its extracellular and cytoplasmic domains yielded normal phenotypes. These results suggest that a proper function of XB/U-cadherin is essential for mesoderm movements during gastrulation.
Introduction
Vertebrate gastrulation includes remarkable changes in cell morphology, cell adhesion and cell movements which are required to reorganize the embryo into the three germ layers -outer ectoderm, inner endoderm, and interstitial mesoderm. In amphibians, the dorsal mesoderm involutes at the blastopore lip and moves across the blastocoel roof towards the animal pole of the embryo. The endoderm also turns inside while the ectoderm covers the whole embryo at the end of gastrulation (Keller, 1986) . Region specific morphogenetic movements drive this process in the Xenopus embryo: (1) epiboly of the animal cap, (2) convergent extension of involuting and non-involuting marginal zone and (3) migration of mesodermal cells on the blastocoel roof. These cell movements were studied in detail by Keller and Tibbets (1989) Winklbauer (1990) Winklbauer and Nagel (1991), Wilson and Keller (1991) , Keller and Jansa (1992) and Winklbauer et al. (1992) . Controlled coordinated interactions of cells with their neighbours but also with the extracellular matrix (ECM) are prerequisites to initiate and direct cell movement and cell segregation. For example, the ECM component fibronectin stimulates lamellipodia formation in migrating head mesoderm cells (Winklbauer, 1990 (Winklbauer, , 1994 . Moreover, the fibronectin matrix comprises directional information that guide migrating mesodermal cells to the animal pole (Winklbauer, 1990; Winklbauer and Nagel, 1991) . In addition to these substrate interactions, cell-cell adhesion also contributes to goal-directed mesoderm migration. This was deduced from the observation that the migrating mesoderm lost the orientation when its cells were dispersed by blocking cell-cell adhesion with antibodies against U-cadherin (Winklbauer et al., 1992) . Thus, cadherins might represent the molecules which are required for intercellular adhesion of the mesoderm during migration.
Cadherins constitute a family of transmembrane cellcell adhesion molecules which act by binding of their extracellular domains in the presence of calcium (Takeichi, 1990; Geiger and Ayalon 1992) . In most cases, this interaction' was found to be homophilic, although heterophilic binding was also described (Volk et al., 1987; Inuzuka et al., 1991; Cepek et al., 1994) . Cadherin function requires their linkage to the cytoskeleton which is achieved by binding of the cytosolic proteins, a-, /Icatenin and plakoglobin (y-catenin), to the cytoplasmic domain of cadherins. Catenins serve as linker proteins between cadherins and the microfilament system (Ozawa et al., 1989; Nagafuchi et al., 1991; Ozawa and Kemler, 1992) .
The homophilic interaction of cadherins allows cells to aggregate and to segregate, resulting in a 'sorting-out' from surrounding cells with divergent cadherin patterns. During embryonic development cadherins show different spatiotemporal expression which leads to selective adhesiveness in the embryo. The establishment of a prepattern of selective adhesiveness represents one principle underlying the subdivision of the embryo into areas of different function (Townes and Holtfreter, 1955; Takeichi, 1987) . Thus, cadherins participate in the modelling of a specific phenotype during embryogenesis. This was shown for different species (Duband et al., 1987; Hatta et al., 1987; Donalies et al., 1991; Inuzuka et al., 1991; Napolitano et al., 1991; Ranscht and Dours-Zimmermann, 1991; Moore and Walsh, 1993; Sacristan et al., 1993) .
Different members of the cadherin family have been described in Xenopus embryos. With regard to their temporal expression patterns these members are divided into two subclasses, maternal and zygotic cadherins. The expression of E-cadherin starts at midblastula transition (MBT) in the ectodermal cell layer just before the onset of gastrulation movements (Choi and Gumbiner, 1989) while N-cadherin expression is turned on during neural induction (Detrick et al., 1990) . Since both cadherins are transcribed after the activation of the zygotic genome at MBT, they belong to the zygotic cadherins.
Maternally stored cadherins were first described as XB-, U-, EP-and C-cadherin (Choi et al., 1990; Angres et al., 1991; Ginsberg et al., 1991; Herzberg et al., 1991) . Recently, we have shown XB-and U-cadherin to be identical (Mtiller et al., 1994) while Levine et al. (1994) reported the same finding for EP-and C-cadherin. The two maternal cadherins, XB/U-and EP/C-cadherin, are co-expressed in the early Xenopus embryo. XB/Ucadherin is found on all newly formed cell membranes up to gastrula stage. During gastrulation it is ubiquitously distributed in all three germ layers. The same localization was reported for EP/C-cadherin by Ginsberg et al. (1991) and Choi et al. (1990) . Since the specificity of the used polyclonal antibodies has not been proven, it cannot be excluded that the EP/C-cadherin distribution is masked by the overlaying XB/U-cadherin staining pattern.
In order to study the role of cadherins in early Xenopus development miscellaneous experimental strategies have been followed which affect cadherin expression at different developmental stages or mutational analysis of their different functional domains. Heasman et al. (1994a) depleted the embryo of maternal EP/C-mRNA by oligonucleotide knock-out experiments. They observed dissociation of the inner blastomeres during cleavage stages and, in severe cases, inhibition of embryonic development at gastrula stage. Ectopic expression of N-and E-cadherin (Detrick et al., 1990; Levine et al., 1994) revealed that Ncadherin is necessary for segregation and complete closure of the neural tube (Detrick et al., 1990) , while Ecadherin seems to function in epibolic movements of the animal cap during gastrulation (Levine et al., 1994) . Dominant negative expression of extracellular cadherin deletions by injection of the corresponding RNA interferes with the function of endogenous cadherins by competing for /?-catenin binding (Kintner, 1992; Dufour et al., 1994; Holt et al.,, 1994) . Since the cytoplasmic domains of cadherins are highly conserved, an overexpression of this domain of any cadherin will affect the function of all maternal and zygotic cadherins present in the injected blastomeres. Thereby, only the general significance of cadherins can be evolved by this experimental approach. For example, although dominant negative expression of extracellularly truncated N-or XB/U-cadherin was restricted to distinct areas in the embryo, the disturbed segregation of certain tissues confirms only the function of E-, N-, XB/U-and EP/C-cadherin in sortingout cells of different fate (Detrick et al., 1990; Fujimori et al., 1990; Dufour et al., 1994) . Dominant negative expression of extracellular deletion mutants also led to impaired interblastomere adhesion during cleavage stages. Since only maternal cadherins are present at these early stages, the latter results demonstrate that the cytoplasmic domains of N-or E-cadherin compete with those of maternal cadherins for B-catenin binding. Consequently, the expression of extracellular cadherin mutants does not allow to determine the function of a given maternal cadherin, e.g. XBAJ-or EP/C-cadherin. In addition, the expression of a mutant prior to MBT cannot elucidate the particular function of a maternal cadherin in gastrulation because the integrity of the embryo during cleavage stages will always be affected.
To explore the significance of XBAJ-cadherin mediated cell adhesion for the gastrulation process, we expressed a cytoplasmically deleted mutant in the prospective mesoderm under the control of the CMV promoter. We thereby directed the dominant negative expression to post MBT stages avoiding a disruption of interblastomere adhesion during cleavage stages which was observed after injection of cadherin mutant mRNA. Moreover, expressing a cytoplasmically truncated protein, which fails to form complexes with a-and /?-catenin, we traced specifically XB/U-cadherin adhesion function in gastrulation.
We observed dose dependent defects on gastrulation movements, positioning of mesodermal derivatives and organization of neural structures. Our results suggest that XB/U-cadherin is necessary for maintaining the mesoderm in the correct position during gastrulation probably by stabilizing the mesodermal cell mass during convergent extension movements.
Results

2.1.
of XWU-cadherin deletion mutants
A cytoplasmically deleted mutant of XB/U-cadherin, XBAc38, was constructed by removing the coding sequence for the 38 C-terminal amino acids of wild-type XB/U-cadherin (see Fig. 1A ). The truncated as well as the complete XBKJ-cadherin cDNA sequence was inserted into the mammalian expression vector pRc/CMV. The inability of this mutant to form complexes with catenins and to mediate Ca*+-dependent cell adhesion was shown by transfection of murine Ltk-cells. When the complete XB-cadherin was expressed in murine Ltk-cells via transfection, endogenous a-and &catenin was found in complex with the amphibian cadherin (Fig. 2) . The cyto- plasmically deleted form XBAc38 neither formed complexes with a-nor with /3-catenin ( Fig. 2) . In contrast to Ltk-cells expressing the complete XB/U-cadherin, transfectants producing the truncated form did not show any Ca2+ dependent cell aggregation (data not shown). Similar results were obtained when both forms were expressed in Xenapus XTC cells via transfection (Finnemann et al., 1995) . Therefore, the truncated XBKJ-cadherin, XBAc38, should serve as dominant negative mutant in mediating XB/U-cadherin specific cell-cell adhesion when it is expressed in Xenopus embryos. For control experiments, a double mutant XBA3Ac38 (Fig. 1A ) was generated lacking most of the extracellular part, including all Ca2+-binding sites, in addition to the 38 C-terminal amino acids. Both XB/U-cadherin deletion mutants contained the propeptide and the signal sequence to ensure expression on cell surfaces.
XB/U-cadherin mutant XBAc38 is dominant negatively expressed afrer MBT
Using the cytomegalovirus promoter of the pRc/CMV construct, XBAc38 expression was directed after the onset of zygotic transcription. Spatially restricted expression of the XB/U-cadherin mutant was achieved by injection of different amounts of plasmid DNA into the dorsal marginal region of the embryo at four cell stage. This area gives rise to mesodermal and ectodermal tissue (Moody, 1987; Bauer et al., 1994) . Since injection was not performed in the animal pole region but rather towards the equator of the embryos, expression occurred most likely in the prospective mesoderm. Expression of XBAc38 was proven by RNase protection assay using a probe discriminating between endogenous wild-type XB/U-cadherin mRNA and exogenous XBAc38 mRNA. The probe used for the detection of the mutant mRNA contained 30 addi-tional nucleotides (nt) in the 5' untranslated region representing part of the multi-cloning site of the pRc/CMV. This resulted in a 266 nt protected mRNA fragment of the mutant compared to a 236 nt protected fragment of the endogenous XB/U-cadherin mRNA (Fig. 1) . Transcripts of the injected construct pRc/CMV XBAc38 were not detected in stage 6 embryos (Fig. 3 , lane 1) whereas strong expression was observed after the onset of zygotic transcription at MBT. RNA preparation of stage 9-10 embryos clearly showed that expression of XBAc38 exceeded that of endogenous XB/U-cadherin mRNA (Fig.  3, lane 2) . A further increase of XBAc38 mRNA was observed at late gastrula stage 12 (Fig. 3, lane 3) . No signal of corresponding size was detected in control embryos (Fig. 3 , lane 4) injected with pRc/CMV only.
Two different phenotypes were observed in pRc/CMV
XBAc38 injected embryos
First effects after dominant negative expression of XBAc38 became obvious at gastrula stage. During involution some cells lost their contact to the surrounding tissue (Fig. 5A,C) . These dissociated cells were still alive and underwent further cell divisions. The release of cells indicates that cadherin mediated cell-cell adhesion was diminished due to expression of the truncated XB/Ucadherin. Later in development, two different phenotypes were distinguished (Fig. 4) . Type I embryos show the spina bifida syndrome. The mesoderm involuted incompletely, most of it migrated laterally along the blastopore. This altered migration behaviour resulted in two bands of axial tissue on each side of the blastopore which failed to close (Fig. 4A) . In later stages the embryos showed Vshaped or snail-like body forms with split tails (Fig. 4B) . In some of them, less severe defects were also observed in the head region where small or even no eyes were 12345 XBAc38 endg. XB formed. Type II embryos developed a posteriorized phenotype with less pronounced head structures, microcephaly and reduced eye anlagen (Fig. 4D) . In some cases the sucker was duplicated (see also Fig. 7G ). The body size of these embryos was reduced in comparison to control embryos (compare Fig. 4D and F) . In most cases the proctodeum was enlarged. pRc/CMV injected embryos which were used as controls developed normally (Fig.  4C) .
For statistical evaluation several hundreds of embryos were injected. The toxic amount of injected plasmid was determined between 500 and 1000 pg depending on the batch of embryos. Only those batches of embryos were analysed and quantified that did not show an increased malformation background due to poor egg quality or DNA injection procedure. The latter was generally tested by control injections of equal amounts of plasmid DNA in comparable numbers of embryos for each experiment.
Both phenotypes were observed in a dose dependent manner after injection of increasing amounts of plasmid DNA (50-250 pg per blastomere) ( Table 1 ). High doses of pRc/CMV-XBAc38 promoted the occurrence of type I embryos while low amounts of injected plasmid yielded in development of type II embryos. Importantly, both phenotypes could be rescued when equal amounts of pRc/CMV-XB, coding for wild-type XB/U-cadherin, were co-injected with pRc/CMV-XBAc38 (Figs. 4E and 7C,F). The percentage of rescued embryos (92%, Table 2 ) was slightly reduced compared to the percentage of normal phenotypes in batches of uninjected embryos (97.4%, Table 1 ) and embryos injected with control DNA (98.5% and 97.7%, Table 2 ). This difference is probably due to mosaic expression of the injected plasmids which might result in a small amount of cells expressing only the truncated cadherin. Overexpression of the complete cadherin by injecting pRc/CMV-XB alone did not lead to any effect ( Table 2) . Injections of the control construct pRc/CMV-XBA3Ac38, coding for the N-and C-terminally deleted XB/U-cadherin mutant, also resulted in normal phenotypes (Table 2) .
In summary, expression of a cytoplasmically deleted form of XBAJ-cadherin after MBT interferes with gastrulation movement and gives rise to a posteriorized phenotype. Rescue experiments and injections of various pRc/CMV plasmids which had no effect on Xenopus development, confirm the specificity of the observed effects resulting from injections of the C-terminally deleted XBKJ-cadherin mutant XBAc38 (Table 2) .
Gastrulation movements are disturbed in pRc/CMV-
XBAc38 injected embryos
We examined the cell migration behaviour on the dorsal side of XBAc38 injected embryos by coinjecting pRc/CMV-XBAc38 with fluorescent DiI lineage label into one of the two dorsal blastomeres at the 4-cell stage. At neurula stage 17 mesoderm of control embryos has instead of it, migrated laterally along the blastopore (Fig.  already involuted and extended along the anterior-5A,C). The blastopore remained widely open in these posterior axis (Fig. 5B,D) . DiI injected cells were found embryos while it was already closed in control embryos underneath the ectodermal layer at the dorsal midline (compare Fig. 5C,D) . In pRc/CMV-XBAc38 injected (Fig. 5B) . This area corresponds to the position of invagiembryos, most of the DiI labelled cells were found in the nated mesoderm.
In pRc/CMV-XBAc38 injected emtissue fold lining the still open blastopore. Part of the rebryos, mesoderm had failed to involute completely and leased cells were also labelled (Fig. 5A ). In the anterior dorsal part of injected embryos only a few labelled cells were detected indicating that extension of the mesoderm towards the anterior pole was impaired.
To examine that mesodermal cells were misdirected during gastrulation, some mesodermal markers were applied to whole mount in situ hybridizations with XBAc38 mutants and control embryos. XFD-1, a member of the forkhead family, was used as notochord marker (Knochel et al., 1992) . XFD-1 transcripts are normally expressed in the dorsal blastopore lip of stage 10 l/2 embryos. Later in development, during stages 12/13, XFD-1 transcripts are found in the notochord along the anterior-posterior axis (Fig. 6B,D) . In contrast to the controls, staining for XFD-1 was not restricted to the dorsal part of the blastopore lip in pRc/CMV-XBAc38 injected embryos. The signal extended into the lateral sides of the blastopore (Fig. 6A , compare arrows in A and B). When these embryos reached stage 12, the staining for XFD-1 was clearly visible at the lateral sides. Only part of the presumptive notochord cells had invaginated and extended along the anterior-posterior axis (Fig. 6C) . The anterior extension was reduced and the invaginated presumptive notochord cells showed a broader lateral distribution at the dorsal midline than those of control embryos (compare Fig.  6C,D) . This altered distribution of XFD-1 transcripts during gastrulation indicates that in XBAc38 embryos convergent extension of the involuting mesoderm was disturbed.
Other markers that we have investigated were /Itubulin for neural cells (Oschwald et al., 1991) and MyoD for muscle cells (kindly provided by R. Rupp). In control embryos /3-tubulin mRNA was expressed in the neural tube along the anterior-posterior axis as two stripes (Fig.  6F) . In pRc/CMV-XBAc38 injected embryos one of the two stripes was found at each side of the blastopore (Fig.  6E ). This finding indicates that the mesoderm was still capable to induce neural tissue, even if it was not properly positioned in the embryo. Similar results were obtained by staining for MyoD mRNA. Both, injected and control embryos showed transcription of the MyoD gene. However, MyoD expressing cells which correspond to presomitic mesoderm lined the blastopore in pRc/CMVXBAc38 injected embryos. These cells had invaginated and were found laterally to the notochord in control embryos (Fig. 6G,H) . Probing with labelled sense RNA of all used markers did not show any staining (data not shown).
These results were confirmed by histological studies on paraffin embedded embryos. In most cases the tissue folds facing the open blastopore of pRc/CMV-XBAc38 injected embryos consist of somitic tissue, notochord and also of neural tissue (data not shown).
Injection of pRc/CMV-XBAc38 results in disorganized neural structures
Type II embryos that showed a posteriorized phenotype (Fig. 4D) were histologically analysed in more detail. These embryos appeared shortened and thickened in shape but showed well organized axial structures. However, in most cases severe distortions of neural tissue structures were visible on sections of the head region. The eye anlagen were small or not even formed. Mostly, they had failed to separate from brain tissue (Fig. 7A) . More rarely, a duplication of the sucker was observed (Fig. 7G) . Whole mount in situ hybridizations of phenotype II embryos using engrailed (en-2; Hemmati-Brivanlou et al., 1991) or Krox-20 (Bradley et al., 1992) as probes which mark the midbrain-hindbrain border and the rhombomeres 3 and 5 of the hindbrain, respectively, revealed an unaltered distribution pattern of these markers (Fig.  61,J) . This indicates that mainly eye development was affected by the expression of the truncated XB/Ucadherin. Sections of the posterior part of phenotype II embryos showed an enlarged proctodeum (Fig. 7D) confirming the posteriorized phenotype. The morphological aberrations were not observed in control (Fig. 7B ,E,H) or rescued embryos (Fig. 7C,F) . 
Discussion
Here we have shown that the expression of a cytoplasmically truncated form of XB/U-cadherin after MBT results in severe distortions of gastrulation when it is expressed at high doses in the dorsal part of the Xenopus embryo. When low doses of the mutant DNA were injetted, gastrulation seems to proceed fairly normal. However, these embryos exhibited a posteriorized phenotype later in development.
Both phenotypes showed malformations of brain and eye anlagen.
Cadherins are of a bifunctional character: Homophilic binding of their extracellular domains as well as intracellular catenin/cytoskeleton linkage is required for cell ad- In experiments labelled with *, embryos were used for RNase protection assays or whole mount in situ hybridizations. In these cases data of later stages concerning occurrence of type II or normal phenotype were not available.
hesion. Depending on the target domain of the generated mutations the function of a specific cadherin or of a bulk of cadherins is impaired. Whenever the extracellular domain is deleted the highly conserved intact cytoplasmic domain will bind to catenins and thereby decrease the function of all other cadherins present so far. Since /?-catenin itself also functions in a signaling pathway inducing dorsal axis formation in Xenopus embryos, overexpression of extracellularly truncated cadherins might also influence dorsal axial patterning by competition with cytosolic proteins for /3-catenin binding (McCrea et al., 1993; Heasman et al., 1994b; Funayama et al., 1995) . Thus, effects on adhesion or axis induction cannot be distinguished properly when cadherins deleted in their extracellular domain are expressed.
As an extension to former reports on cadherin function in Xenopus embryogenesis, we have focussed our study on the XB/U-cadherin specific adhesion in gastrulation. Overexpressing an extracellularly intact but cytoplasmitally deleted XBAJ-cadherin, mediates homophilic binding but reduces adhesion since the truncated cadherin does not form complexes with catenins. Therefore, expression of XBAc38 neither interferes with other cadherins (N-or E-cadherin) nor with axis formation.
The specificity of this approach became obvious when an extracellularly deleted form of E-cadherin was expressed in presumptive ectoderm (Levine et al., 1994) . Disruption of the ectoderm at the animal pole was observed in gastrulating embryos. In severe cases, gastrulation was blocked indicating that E-cadherin function is essential for maintaining the ectodermal integrity during epiboly. This defect occurred independently of the injection site and was not reduced by co-injection of fulllength EP/C-cadherin RNA which both argues for the selectivity of the impaired cadherin domain. XB/U-cadherin which is ubiquitously expressed up to early neurula stage is responsible for maintaining the integrity of the embryo by mediating interblastomere adhesion. For the analysis of XB/U-cadherin function in the gastrulation process, inhibition of cadherin activity should be achieved in those tissues being involved in gastrulation movements, e.g. in migrating and involuting mesoderm. This was done temporally by the use of the CMV promoter and spatially by injection into the marginal zone of the two dorsal blastomeres. As controlled by DiI coinjection the derivatives of the injected blastomeres contributed to dorsal mesoderm.
Our data reveal that neither interblastomere adhesion up to the onset of gastrulation (Heasman et al., 1994a ) nor epiboly of the ectoderm was affected (Levine et al., 1994) . In XBAc38 positive embryos, we also did not observe a downregulation of MyoD expression which was reported by Holt et al. (1994) using an extracellularly deleted N-cadherin. Whenever a community effect mediated by maternal cadherins is required for MyoD activation, this cadherin should act during mesoderm induction before the onset of gastrulation. In XBAc38 positive embryos (phenotype I), the mesoderm which is spreading laterally around the blastopore expressed MyoD, XFD-1 and p-tubulin as shown by in situ hybridizations. This demonstrates that neither mesoderm nor neural induction was affected. Instead, our study shows that the migration properties of the mesoderm were altered. Normally, convergent extension of the dorsal involuting marginal zone pushes cells over the blastopore lip (Gerhart and Keller, 1986) . This process is disturbed in XBAc38 embryos since the mesoderm fails to roll over the blastopore lip. Instead, it is pushed aside the blastopore. Winklbauer et al. (1992) reported that XB/lJ-cadherin antibodies disturb migration of head mesoderm towards the animal pole of the bastocoel roof. In our experiments migration of the head mesoderm seems unaltered since we attribute the anterior part of the DiI signal to involuted head mesoderm. Moreover, head structures are formed demonstrat- ing that part of the mesoderm had reached the anterior pole of the embryo after injection of pRc/CMV_XBAc38. However, we cannot rule out that the movement of the head mesoderm was partially affected. In order to define the contribution of XBUcadherin function to convergent extension and/or head mesoderm migration, explants of XBAc38 expressing embryos have to be analysed in detail. The appearance of dose dependent phenotypes can be explained as a concentration or temporal effect. (1) Decrease of cellular adhesion to a less extent impaired cellular intercalation of the dorsal mesoderm so that less cellular material reached the anterior part of the embryo resulting in reduced head structures. The posterior ventral part of the embryos appeared swollen probably due to the failure of mesoderm elongation in anterior-posterior direction. Thereby, phenotype II would represent low dosis variation of phenotype I. (2) The dose dependence of the phenotypes could also be interpreted as timing effect. High amounts of injected XBAc38 DNA ensure early expression of the mutant: the blastopore does not close. If low doses are injected the threshold of the mutant causing adhesion defects will be shifted to end of gastrulation or even into neurula stage. At these late stages impairment of convergent extension will inhibit the elongation of the embryo.
The often observed fusion of brain and eye anlagen resembles malformations found when extracellularly deleted forms of different cadherins were expressed by RNA injections (Detrick et al., 1990; Dufour et al., 1994) . This supports the hypothesis that cadherin specific function might also be required for the segregation of the optic vesicle from the diencephalon. The defects are found to be more pronounced in embryos expressing XB/Ucadherin mutants (Dufour et al., 1994 ; this paper) indicating a specific involvement of this maternal cadherin in the separation of the eye vesicles. When the optic vesicle is formed during the developmental stages 21-25, XB/Ucadherin is still present in neural tissue (Angres et al., 1991; Herzberg et al., 1991) .
Taken together, the phenotypes of low and high dose injections of the cytoplasmically deleted XB/U-cadherin are suggestive for a prominent role of XB/U-cadherin in maintaining the anterior-dorsal orientation of the mesoderm during convergent extension movement.
Surprisingly, very similar phenotypes to XBAc38 expressing embryos are reported by Isaacs et al. (1994) when mRNA coding for a truncated FGF-receptor was injected into the dorsal side. In these FGF-receptor dominant negative embryos dorsal mesoderm also spreads around the open blastopore. Beside its mesoderm inducing activity at blastula stage, FGF seems to play an important role in controlling mesodermal cell behaviour during gastrulation.
A variety of quite different molecules seem to act in concert in order to drive region specific cellular behaviour during gastrulation. In addition to XBAJ-cadherin and FGF, the homeobox gene goosecoid influences the migration of the head mesoderm as well as the convergent extension behaviour of the involuting mesoderm (Niehrs et al., 1993) . Rather little is known how these different molecules interact with each other. There is evidence that mesoderm induction factors modify adhesive strength of EP/C-cadherin without altering the amount of cadherin's surface expression or steady state level . Although the ubiquitous expression of maternal cadherins is not altered during gastrulation, induction and transcription factors might regionally influence cadherin function. This would explain the similarity of the phenotypes observed with FGF-receptor and XBAJ-cadherin dominant negative embryos.
Experimental procedure
Construction of XB/U-cadherin deletion mutants and cell transfection
The full length cDNA of XB/U-cadherin and the cDNA coding for the cytoplasmically truncated XB/Ucadherin (XBAc38) was inserted into the polylinker of mammalian expression vector pRc/CMV (Invitrogen) as described by Miiller et al. (1994) and Finnemann et al. (1995) . The double mutant XBA3Ac38 lacking most of its extracellular part and the 38 C-terminal amino acids was produced by BclI-BclI digestion of wild-type XB/Ucadherin in pBluescript and religation of the resulting fragment (XBA.3). The deletion was transferred into pRc/CMV by replacing the XbaI-StuI fragment of XBAc38 in pRc/CMV with the corresponding fragment of XBA3 in pBluescript. Correct insertion of the fragment was subsequently controlled by sequencing the XBA3Ac38 construct. For injection, plasmid DNA was dissolved in 88 mM NaCl, 15 mM Tris, (pH 7.5) or in HzO. Circular or Not1 linearized plasmid DNA was used for injection. No differences were observed between both sample preparations. Transfection of Ltk-cells was carried out as described elsewhere (Mtiller et al., 1994) .
Embryos and injection
Mature eggs were obtained by injecting females with 500 units of human chorion gonadotropin (HCG, Schering). One hour after in vitro fertilization the jelly coat was removed by treating the embryos with 2% cysteine hydrochloride in l/l0 MBSH, (pH 8.2) (1 X MBSH: 10 mM HEPES, 88 mM NaCl, 1 mM KCl, 0.33 mM Ca(NO&, 0.41 mM CaC12, 0.82 mM MgS04, 2.4 mM NaHCOs, pH 7.4). Injection of embryos was performed in 4% ficoll in l/10 MBSH. At the four cell stage both dorsal blastomeres were injected with 2-5 nl containing 50-250 pg plasmid DNA. After injection the embryos were kept for a further 6 h in 4% ficoll in l/10 MBSH to prevent leakage of the embryos until they were transferred to l/10 MBSH supplemented with penicillin and streptomycin. Embryos were maintained at 16°C to allow optimal diffusion of the injected plasmids. Embryos were staged according to Nieuwkoop and Faber (1967) .
RNase protection assay
For in vitro transcription, the Hind111 fragment of XB/U-cadherin in pRc/CMV was cloned into the Hind111 site of pSPT 18 (Boehringer). Correct insertion was controlled by sequence analysis. Due to a short pRc/CMV plasmid sequence located between CMV promoter and the first base of the XB/U-cadherin sequence the introduced mutant transcript could be distinguished from endogenous XB/U-cadherin transcripts. After linearization, in vitro transcription was performed with SP6 polymerase in the presence of 100 @i UTP as described by Melton et al. (1984) . After two ethanol precipitations with arnmonium acetate the RNA was dissolved in 100~1 hybridization buffer (40 mM PIPES, pH 6.4, 0.4 M NaCl, 1 mM EDTA, and 80% formamide). RNA of embryos was prepared with guanidinium-isothiocyanate according to Chirgwin (1979) . For RNase protection assay, 5 X lo5 cpm of RNA probe and RNA of five embryos were dissolved in 30,ul hybridization buffer, denatured at 85°C for 5 min and incubated overnight at 60°C. RNase digestion buffer (350~1) (10 mM Tris-Cl, pH 7.5, 300 mM NaCl, 5 mM EDTA, 40 mg/ml RNase A and 2 mg/ml RNase Tl) was added and the mixture was incubated for 1 h at 30°C. To remove RNases, a proteinase K digestion was performed by adding 10 ,~l 20% SDS and 5 ,~l proteinase K (10 mg/ ml) followed by heating to 37°C for 15 min. RNA was purified by phenol/chloroform treatment, precipitated with ethanol and ammonium acetate in the presence of yeast tRNA as carrier. The pellet was dissolved in loading buffer (80% formamide, 1 mM EDTA, pH 8.0 and 0.1% Bromphenol Blue) and analysed on a 6% denaturing polyacrylamide gel. As controls, cadherin probes were hybridized with yeast tRNA or with antisense transcripts of EF-la (Krieg et al., 1989) .
Whole mount in situ hybridization
Embryos were treated with proteinase K (5 mg/l) before manual removal of the vitelline membrane and fixed in MEMFA (0.1 M MOPS, 2 mM EGTA, 1 mM MgS04, 3.7% formaldehyde).
Hybridization procedure was performed as described by Harland (1991) except for BM purple (Boehringer) which was used as enzyme substrate. Expression patterns of the used probes were formerly published by Knochel et al. (1992, XFD-1) and Oschwald et al. (1991, tubulin) . Antisense and sense MyoD probes were kindly provided by R. Rupp (MPI fur Entwicklungsbiologie, Tubingen, Germany). Digoxygenin labelled transcripts were synthesized using SP6/'I7 RNA labelling kit (Boehringer).
Histology
For histology, embryos were fixed in a solution of 3% paraformaldehyde and 2.5% glutaraldehyde in APBS (2.7 mM KCl, 0.15 mM KHzP04, 103 mM NaCl, 0.7 mM NaHP04*2H20, pH 7.5) for 2 h at room temperature. After washing and dehydration with isopropanol they were embedded in paraffin. were collected on gelatine coated glass slides, deparaffined in xylene, rehydrated and stained with borax-carmine and anilin orange prior to mounting in eukitt (Serva).
